Abstract
Introduction

50
The world's commercial dairy sheep industry is primarily concentrated in Mediterranean 51 countries and linked to local breeds; milk is mostly used to produce high quality cheeses and 52 other dairy products. Milk yield represents more than two thirds of the total income of the dairy 53 sheep sector [1] and, therefore, increasing milk yield is the most important and sometimes only 54 objective of selective breeding. Milk production traits in dairy sheep are moderately to highly 55 heritable [2, 3] and amenable to improvement with traditional selective breeding programmes 56 based on pedigree and phenotypic data. Indeed, such programmes have been established in 57 many sheep populations over recent decades [2, 4] . Incorporation of genomic information in 58 some breeding programmes (e.g. French Lacaune, Spanish Churra, Italian Sarda) has led to an 59 acceleration of the genetic improvement outcomes.
60
The Greek Chios breed is considered to be among the most productive and prolific dairy sheep 61 breeds worldwide [5] . A traditional breeding programme for the enhancement of milk yield has 62 been in place since year 2000 for this breed, leading to substantial improvement in this trait.
63
However, further increases in milk yield may be achieved with the use of relevant genomic 64 information.
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Beyond simply increasing milk production, the dairy sheep industry faces challenges such as 67 the need to offer healthy products to consumers, addressing animal welfare, and ensuring the 68 long-term competitiveness and sustainability of the sector. Mastitis is the most prevalent and 69 costly disease in the dairy industry due to reduced and discarded milk, early involuntary culling 70 of animals, and veterinary services and labour costs [6, 7] . The disease also poses a potential 71 threat of zoonosis and antimicrobial resistance if antibiotic treatment is not applied carefully 72 [6] [7] [8] . Moreover, mastitis is a welfare concern because of associated pain, anxiety and 73 restlessness, and upsets the normal feeding behaviour of the animals [9] . Host resistance to 74 mastitis is a moderately heritable trait [7] . Recently, an ovine custom made mastitis specific In the present study, we examined the genetic and genomic relationship between milk yield 81 and mastitis resistance in the Chios sheep, using pedigree and genomic information. The 82 relationship between the two traits is crucial if mastitis resistance is to be included in selective 83 breeding goals together with increased milk yield. We estimated genetic parameters and 84 investigated whether relevant QTLs for milk yield exist in previously identified mastitis-85 specific genomic regions. We also performed pathway analysis and examined gene expression 
Materials and Methods
91
Ethical statement 92 The study was approved by the Ethics and Research Committee of the Faculty of Veterinary Mastitis Test score and total viable bacterial count in milk) were also collected at the time of 109 these visits by a qualified veterinarian, as described previously [10] . The three mastitis indicator 110 traits may capture subclinical mastitis incidences and reflect the general health status of the 111 udder. Peripheral blood samples were taken from each ewe in 9 ml K 2 EDTA Vacutainer blood to rank these networks based on the P-values obtained using Fisher's exact test (IPA score or 208 P-score = -log 10 (P value)).
210
The list of candidate genes was also analysed against an Ovis aries background using the 
Gene expression analysis
Genes contributing to milk production are likely to be expressed in milk somatic cells, 220 mammary gland, and other organs such as the liver and kidney that provide nutrients and 221 regulate the electrolytes needed for lactosynthesis and the production of milk. We also reasoned 222 that the expression of genes with pleiotropic effects would be associated with both milk yield 223 and resistance to mastitis, and/or expressed in both mammary gland and immune related 224 tissues. To assess the expression profiles of genes located in the candidate regions for milk The nominal significance threshold in this analysis was set at P=0.05. Since genes were located 256 within four QTL regions, an FDR adjustment for multiple testing was applied, setting the 257 significance threshold at P=0.0167. These analyses were conducted with ASReml v4.0 [14] .
258
To identify significant expression differences amongst genes located in the milk yield 259 candidate regions in sheep with low, medium and high milk somatic cell count we performed 260 Tukey's Test using the statistical package R v3.0.1. The resulting VCF file contained both SNPs and indels. with milk yield are shown in Table 3 . Manhattan plots and corresponding Q-Q plots displaying 334 genomic association results are shown in Fig. 1 and Fig. 2 , respectively. P-value: P-value from genomic association study; additive allele substitution effect (ADD) and corresponding P-value; dominance effect (DOM) and corresponding P-value; pVA: proportion of the genetic variance explained by the SNP; p and q allelic frequencies were in linkage disequilibrium (LD=0.27-0.97), implying that they correspond to the same 356 causative mutation (S1 Table) . The significant SNPs identified in the present study were not in
335
357
LD with the SNPs previously associated with the mastitis related traits in Chios sheep [10] (S1 358   Table) . Only small LD blocks were visualised with Haploview, probably due to a high number 359 of recombination events having taken place in the outbred population of study. All significant 360 SNP markers were located in intergenic or intronic regions. The candidate QTL regions for 361 milk yield contained a relatively small number of protein-coding genes (n=31) and microRNAs
362
(n=6) (S2 Table) .
Pathway and functional clustering analysis
365
The genes located in the candidate regions for milk yield were enriched for pathways involved 366 in electrolyte (Na + , K + , and H + ) transport and homeostasis, lipid metabolism (ketolysis, 367 ketogenesis) and oxidative stress, as well as innate immune responses (Fig. 3) . Moreover, two 368 networks of molecular interactions were constructed, one of which was related with 369 immunological disease and cell signalling and interaction, and another with the development, 370 function and organ morphology of the endocrine and reproductive systems (Fig. 4) . The functional annotation clustering analysis showed that genes were organised into two 385 clusters associated with the regulation of cellular processes (enrichment score =1.60) and 386 metabolic processes (enrichment score =1.04). Both clusters contained the same genes (Table 4) . Genes were selected using a combination of their known biological 426 function, involvement in relevant pathways and networks, enrichment in tissues relevant to 427 milk production, and any previously known association with milk production in either dairy 428 sheep or other species. 
Discussion
432
The existence of a mastitis-specific ovine DNA array built on previously detected markers and assess the feasibility of a concomitant genetic improvement programme for the two traits.
437
Chios sheep were used as a study model. suggesting that a relatively major locus might be involved in ovine milk production. The QTL
469
identified on chromosome 19 in the present study explained 16% of the genetic variance.
470
Furthermore, the significant SNP markers identified for milk yield in our study collectively 471 explained over 30% of the genetic variance of the trait, suggesting that the mastitis-specific 472 targeted array can also be used for genomic selection to enhance milk yield. 
